Introduction
Iron-based alloys often contain more than 2 mass% carbon, 13 mass% silicon and other elements. During the course of solidification and crystallization, graphite precipitates from the melt, which is known as "cast iron". 1) Ferritic alloys are used in machinery, oil and gas equipment for water piping, packer parts, boilers, valve bodies and valve parts. During mechanical processing, cast iron scrap chips are generated. The recycling of cast iron scrap chips is an interesting subject to explore because these chips can be used as a starting material when preparing an iron based material.
Thermoelectric materials have recently attracted renewed interest for potential applications in waste heat recovery systems. To effectively utilize the low temperatures, small scale and widely scattered waste heat, thermoelectric generation provides a solution. This methodology has a conversion efficiency that is independent of the energy scale and is capable of converting thermal energy to electricity. Thermoelectric material properties are typically evaluated using a dimensionless figure of merit, ZT, which is expressed as:
where ¡ is the Seebeck coefficient, · is the electrical conductivity, and k is the thermal conductivity. 2, 3) It is evident that a large Seebeck coefficient, ¡, a high electrical conductivity, ·, and a low thermal conductivity, k, are required to obtain a high dimensionless thermoelectric figure of merit, ZT, and it is essential for thermoelectric materials to have high values of ZT.
Semiconducting ¢-FeSi 2 is considered an attractive thermoelectric material because of its high Seebeck coefficient and because it is eco-friendly (the material is composed of two naturally abundant non toxic elements, iron and silicon 4) ). In addition, ¢-FeSi 2 has an excellent oxidation resistance at high temperatures such as 800°C. 5, 6) Sintered ¢-FeSi 2 has a high mechanical strength, heat resistance and is chemically stable at high temperatures. 7) Therefore, this material has proven to be very useful in thermoelectric generators operating in high temperature conditions without any protection. Because cast iron consists mainly of iron with carbon and silicon, scrap chips of cast iron are expected to be a good starting material for preparing ¢-FeSi 2 . We have already proposed the upgrade recycling of cast iron scrap chips to produce ¢-FeSi 2 thermoelectric material. 8) It is well known that extrinsic thermoelectric ¢-FeSi 2 can be prepared by doping Mn or Al to produce p-type material and Co to produce n-type material. However, there are some limitations on the dopant effects in ¢-FeSi 2 prepared utilizing cast iron scrap chips. Thus, in the present study, the thermoelectric performance and the physical characterizations of ¢-FeSi 2 synthesized from cast iron scrap chips using various doping elements (Co, Al and Mn) were evaluated. The purpose of this report is to reveal that the cast iron scrap chips are effective as a starting material for fabricating ¢-FeSi 2 and determining if the optimum thermoelectric performance is comparable to what has been previously reported.
Experimental
The starting materials for the p-type and n-type ¢-FeSi 2 were prepared using the solid-state reaction technique with cast iron scrap chips (the prefix "C.I." stands for "cast iron scrap chips" and the prefix "P" stands for "pure Fe", which denotes the alloys formed from pure Fe), along with silicon grains (purity: 99.99%) and Co powder (purity: 99%) for ntype material and Al powder (purity: 99%) and Mn powder (purity: 99%) for p-type material. The chemical composition of the n-type material was cast iron: Co: Si=(1-Co): (0.02 < Co < 0.08): 1.86 for n-type. For the p-type material, the chemical composition was cast iron: Al: Si=1: (0.09 < Al < 0.12): (1.86-Al) and cast iron: Mn: Si=(1-Mn):
(0.06 < Mn < 0. Figure 1 shows an SEM image of the cast iron scrap chip powder. The concentration of impurities in the cast iron scrap chips was analyzed using glow discharge mass spectrometry (GDMS). The results of the impurities are listed in Table 1 . For GDMS synthesis, the evaluation of the cast iron scrap chip powders was performed by consolidation using a pulsed electric current sintering (PECS) technique.
The powder mixture was prepared using rotary dry ball milling for 1 d. The powder mixture was placed directly in a die and consolidated using the PECS technique at 950°C for 10 min in a vacuum at a uni-axial pressure of 80 MPa. The sintered specimens were annealed at 900°C for 6 d in a vacuum. The constituent phase and microstructure of the specimens was observed using a scanning electron microscope (SEM) and energy dispersion X-ray spectroscopy (EDXS) for elemental and chemical analyses. The X-ray diffraction (XRD) analysis of the specimens was performed with an X-ray diffractometer.
The thermoelectric properties were determined by measuring the Seebeck coefficient, ¡, electrical conductivity, ·, and thermal conductivity, k. The Seebeck coefficient and electrical conductivity were measured using a DC standard four probe method and a steady-state temperature gradient (ZEM-2, Ulvac Co.) from room temperature to 800°C in a stream of He gas. The thermal conductivity was calculated from the measured heat capacity and the thermal diffusivity using the laser flash method with a thermal constant analyzer (LFA 457 Micro Flash) over a temperature range from room temperature to 800°C in a vacuum.
Results and Discussion
3.1 Characteristics of p-and n-type ¢-FeSi 2 prepared utilizing cast iron scrap chips Table 2 shows the density and porosity data of the sintered specimens containing various dopant element (Co, Mn and Al) concentrations for p-and n-type ¢-FeSi 2 prepared utilizing cast iron scrap chips. This result indicates that the porosity for all the samples was less than 1% after sintering. Table 1 GDMS composition of elements in cast iron scrap chips.
Element
Mass%
Minor elements: Mg, S, P <0.1
Iron (Fe) Balance Table 2 Porosity data for the sintered ¢-FeSi 2 samples.
Sample Name ( "C.I." stands for "cast iron scrap chips", which denotes those alloys as being formed from cast iron scrap chips. The dominant peak in all of these samples was ¢-FeSi 2 . All the samples are composed mainly of the ¢-FeSi 2 phase, which means the phase transformation from ¡-Fe 2 Si 5 and ¾-FeSi to ¢-FeSi 2 is nearly completed after annealing at 900°C for 6 d. The samples consisted of small amounts of the ¾-FeSi phase. It was also confirmed that the isothermal annealing near the high temperature transformation temperature led to the distinct formation of ¾-FeSi.
10)
Figure 3(a) shows SEM images of the microstructures for annealed un-doped, Co-doped, Mn-doped and Al-doped ¢-FeSi 2 prepared from cast iron scrap chips. The SEM image of the annealed ¢-FeSi 2 prepared from cast iron scrap chips showed excess Si particles (shown as black dots) with small pores (shown as white dots). Several black Si particles were detected in the ¢-phase matrix. Very few pores were detected in the un-doped, Co-doped, Mn-doped and Al-doped samples. The pore size that could be observed from the SEM images was estimated to be less than approximately 10 µm. The open porosity, as provided in Table 2 observed in all samples was less than 1% after sintering, and we consider these to be dense samples. 
Thermoelectric performances of p-and n-type ¢-
FeSi 2 prepared utilizing cast iron scrap chips The temperature dependence of the Seebeck coefficient, ¡, for the annealed p-and n-type ¢-FeSi 2 specimens evaluated from room temperature to 800°C is shown in Fig. 4 . In the present work, 11) we see different signs for the Seebeck coefficients exhibited for the Al-, Mn-and Co-doped ¢-FeSi 2 prepared from cast iron scrap chips. The positive values associated with the Mn-doped (0.06 < Mn < 0.1) and Aldoped (0.09 < Al < 0.12) samples correspond to p-type behavior, indicating that the electrical conductivity is dominated by hole conduction. However, n-type behavior is attributed to the Co-doped (0.02 < Co < 0.08) samples as a result of their negative Seebeck coefficient values, which is indicative of electron conduction. The absolute value of the Seebeck coefficient increases with the measurement temperature to a peak before beginning to decrease with further increases to the temperature. The Seebeck coefficients for the 0.92C.I.-0.08Mn-1.86Si (C.I.-Mn0.08) and 0.94C.I.-0.06Co-1.86Si (C.I.-Co0.0.6) specimens prepared from cast iron scrap chips were obtained to be between 90% and almost 100%, respectively, of the performance observed for the other specimens and from other reported studies. 1316) We see that as the Al dopant (0.09 < Al < 0.12) was replaced by the Mn dopant (0.06 < Mn < 0.1), the Seebeck coefficients was found to decrease. The decrease in the Seebeck coefficient could be caused by an increase in the carrier concentration. In the present study, it was revealed that the Al dopant (0.09 < Al < 0.12) is more sensitive to the cast iron scrap chips due to the Al dopant (0.09 < Al < 0.12) being easily oxidized during processing because the cast iron contains many impurities. This is most likely a result of oxygen impurities in the cast iron scrap. The Al-doped sample is partially oxidized during machining and exhibited a low performance compared to the Mn-doped (0.06 < Mn < 0.1) ¢-FeSi 2 . Thus, the results of this study indicated that ¢-FeSi 2 prepared utilizing cast iron scrap was successfully optimized and is comparable to what has been previously reported. Figure 5 shows the temperature dependence of the electrical conductivity for the annealed ¢-FeSi 2 specimens between room temperature to 800°C. The electrical conductivity of the C.I.-0.09Al-1.77Si (C.I.-Al0.09) specimen decreased with increasing temperatures until reaching 400°C. As this point, further temperature increases resulted in increases to the electrical conductivity. The temperature dependence of the electrical conductivity below 400°C could be attributed to the carrier mobility, which decreased with increasing temperature. This is a result of the acceptor being exhausted and carrier movements occurring via lattice vibration.
9) The intrinsic conduction dominated when the temperature is above 400°C, which leads to the increase in the electrical conductivity as the temperature increased. The electrical conductivities for the Co-doped (0.02 < Co < 0.08) and Mn-doped (0.06 < Mn < 0.1) ¢-FeSi 2 prepared using cast iron scrap chips, along with other examples reported in the literature, 9, 1216) are nearly constant over the temperature range from room temperature to 800°C. This behavior is typical for the extrinsic conductivity range. Thus, we confirm that Mn-doped (0.06 < Mn < 0.1) and Co-doped (0.02 < Co < 0.08) ¢-FeSi 2 prepared using cast iron scrap chips exhibit positive impacts on the electrical conductivity compared to other results reported on in the literature. 13, 14) Conversely, for p-type ¢-FeSi 2 prepared using cast iron scrap chips, the C.I.-0.09Al-1.77Si (C.I.-Al0.09) exhibited a lower electrical conductivity compared to 0.94C.I.-0.06Mn-1.86Si (C.I.-Mn0.06) and 0.92C.I.-0.08Mn-1.86Si (C.I.-Mn0.08) at temperatures greater than 200°C. This finding indicated that the C.I.-0.09Al-1.77Si (C.I.-Al0.09) is more sensitive to the presence of the cast iron scrap chips, and results in a low concentration upon synthesis. As the Al dopant was replaced by the Mn dopant, the electrical conductivity was enhanced and improved. Therefore, by doping with different substitution concentrations of Co (0.02 < Co < 0.08), Mn (0.06 < Mn < 0.1) and Al (0.09 < Co < 0.12), the conduction type and properties of the ¢-FeSi 2 can be modified and improved, even when using cast iron scrap chips as a starting material.
The thermal conductivity, k of the annealed p-and n-type ¢-FeSi 2 specimens evaluated from room temperature to 800°C is shown in Fig. 6 . For all the specimens, the thermal conductivity, k decreased rapidly as the temperature increased. Similar trends for the thermal conductivity as a function of measurement temperature was reported by Ito et al.
17)
The preceding decrease in the thermal conductivity may be attributed to the enhancement of phonon scattering as the temperature increases. 13, 14) As shown in Fig. 6 , the thermal conductivity of the 0.92C.I.-0.08 Mn-1.86Si (C.I.-Mn0.08) specimen could be decreased by µ30% compared with the C.I.-0.09Al-1.77Si (C.I.-Al0.09) specimens. However, the Co-doped (0.02 < Co < 0.08) specimens' thermal conductivity was much lower than the p-type doped 0.92C.I.-0.08Mn-1.86Si (C.I.-Mn0.08) and C.I.-0.09Al-1.77Si (C.IAl0.09) specimens, respectively. This result could be due to the effect of the Si-rich concentration in the n-type Co-doped (0.02 < Co < 0.08) ¢-FeSi 2 prepared using cast iron scrap [14]
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[14] Fig. 6 Temperature dependence of thermal conductivity, k, for the annealed ¢-FeSi 2 samples at 900°C for 6 d.
Effects of Doping Elements in ¢-FeSi 2 Prepared Utilizing Cast Iron Scrap Chipschips. It was reported that this may improve the transport properties of the materials, which is effective at decreasing the thermal conductivity. 14) Furthermore, in general, increases in the dopant content tend to enhance the photon scattering due to lattice short range distortions, resulting in a decrease in the thermal conductivity.
18) Thus, it was found that by doping with different substitution concentrations of Co (0.02 < Co < 0.08), Mn (0.06 < Mn < 0.1) and Al (0.09 < Co < 0.12), the conduction type and properties of the ¢-FeSi 2 can be modified and improved, even when using cast iron scrap chips as a starting material. Figure 7 summarizes the function of temperature on the dimensionless figure of merit, ZT, for the various doping elements in the p-and n-type ¢-FeSi 2 specimens prepared utilizing cast iron scrap chips. Significant efforts have been undertaken to obtain a high value figure of merit, which represents the efficiency of thermoelectric materials. 19, 20) The comparison of the ZT values achieved for the n-type 0.94C.I.-0.06Co-1.86Si (C.I-Co0.06) specimen and the p-type 0.92C.I.-0.08 Mn-1.86Si (C.I.-Mn0.08) specimen with the other various doping elements indicated the highest ZT values were 0.22 at 700°C and 0.17 at 800°C, respectively. Due to the higher substitutions necessary to achieve the concentration effect, the highest ZT value was obtained from the n-type 0.94C.I.-0.06Co-1.86Si (C.I-Co0.06) specimen. 13, 14) Additionally, the p-type specimen prepared from p-type 0.92C.I.-0.08Mn-1.86Si (C.I.-Mn0.08) has a better ZT value due to the compatibility of the cast iron scrap chips, compared to the results in previously published reports.
11) By doping with the various elements, the conduction type and properties of the ¢-FeSi 2 prepared utilizing cast-iron scrap chips could be modified and improved. The value of ZT increases with the temperature before reaching a maximum and decreasing. Additionally, the ZT value increases with the substitution concentration of the doping elements. Therefore, we have demonstrated that the cast iron scrap chips are effective as a starting material for fabricating ¢-FeSi 2 and are capable of producing a material comparable to conventional ¢-FeSi 2 fabricated from pure Fe. Figure 8 reveals the results for the dimensionless figure of merit, ZT, for the n-type (0.02 < Co < 0.08) and (0.06 < Mn < 0.1) specimens, as well as for the p-type (0.09 < Al < 0.12) specimen. Based on the results, the optimized Co substitution concentration for the n-type specimen is 0.94C.I.-0.06Co-1.86Si (C.I-Co0.06), which produces ZT = 0.22 at 700°C. For the p-type specimen, ZT = 0.17 at 800°C for 0.92C.I.-0.08Mn-1.86Si (C.I.-Mn0.08). Therefore, there are some restrictions for the alloying elements in the ¢-FeSi 2 fabricated from cast iron scrap chips. For example, the metallic behavior (corresponding to an excessively high electrical conductivity) and a high sensitivity to dopant oxidation in the cast iron scrap chips could lead to decreases in the ZT value. To improve the thermoelectric performance of the p-type ¢-FeSi 2 prepared utilizing cast iron scarp chips, Mn (0.06 < Mn < 0.1) was chosen to replace Al (0.09 < Al < 0.12) as the dopant element for the p-type ¢-FeSi 2 specimen. In the case of the p-type specimen with Al doping (0.09 < Al < 0.12), it is important to avoid any oxidation during sintering. For Mn doping (0.06 < Mn < 0.1), the oxidation is not as severe.
21) It is difficult to control Al doping (0.09 < Al < 0.12) as a result of oxidation, especially when using cast iron scrap chips, as shown in Table 1 . An optimum composition for the p-type 0.92C.I.-0.08Mn-1.86Si (C.I.-Mn0.08) and 0.94C.I.-0.06Co-1.86Si (C.I-Co0.06) specimens to provide the largest ZT value for the present system was determined. This effect is caused by the high affinity of Al to oxygen compared to the Mn and Co. The replacement of Al (0.09 < Al < 0.12) with Mn (0.06 < Mn < 0.1) as a concentration substitution in p-type ¢-FeSi 2 is quite effective for improving the thermoelectric performance in the ¢-FeSi 2 prepared from cast iron scrap chips. Hence, the conduction type and properties of ¢-FeSi 2 can be modified and improved, even when cast iron scrap chips are used as a starting material.
Conclusions
The thermoelectric properties of p-and n-type ¢-FeSi 2 have been determined by measuring the Seebeck coeeficient, ¡, electrical conductivity, ·, and thermal conductivity, k, from room temperature to 800°C. The thermoelectric properties are strongly affected by the Co-doped (0.02 < Co < 0.08) substitution concentration (for n-type specimens) and Mndoped (0.06 < Mn < 0. 11) Thus, the objective of this study to evaluate the effect of doping elements in ¢-FeSi 2 prepared utilizing cast iron scrap chips was successfully achieved, and an optimum thermoelectric performance was determined. Compared with the p-type 0.92C.I.-0.08 Mn-1.86Si (C.I.-Mn0.08) specimens prepared from cast iron scrap chips, the n-type 0.94C.I.-0.06Co-1.86Si (C.I-Co0.06) specimen possessed a high electrical conductivity, low thermal conductivity and a high dimensionless figure of merit, ZT = 0.22, at a measurement temperature of 700°C due to the high carrier concentration and optimum substitution concentration. The achieved ZT is assumed to be comparatively the same for ¢-FeSi 2 thermoelectric materials made from pure Fe. Due to the optimum value of ZT obtained in the present study, the use of the cast iron scrap chips as a starting material was found to be promising as an eco-friendly and cost-effective production process for thermoelectric ¢-FeSi 2 . We conclude that the cast iron scrap chips were successful at fabricating p-type 0.92C.I.-0.08 Mn-1.86Si (C.I.-Mn0.08) and n-type 0.94C.I.-0.06Co-1.86Si (C.I-Co0.06) ¢-FeSi 2 thermoelectric materials and that optimum thermoelectric performances were determined that were comparable with the previously reported results. However, Al doping (0.09 < Al < 0.12) is not suitable for use with cast iron scrap chips as a starting material for ¢-FeSi 2 thermoelectric materials due to the tendency of the Al dopant (0.09 < Al < 0.12) to be oxidized during machining.
